Abstract: A small-capacity grid-connected solar power generation system, configured by a dual-output DC-DC power converter and a seven-level inverter, is proposed in this study. Voltage doubler based topology is used to configure the dual-output DC-DC power converter to convert the output voltage of a solar cell array into two dependent voltage sources with multiple relationships. The grid-connected seven-level inverter is configured by a dual-buck power converter and a full-bridge power converter. The dual-buck power converter is switched at high-frequency pulse-width modulation to generate a four-level DC voltage. The full-bridge power converter is switched synchronous with the utility voltage, to convert the four-level DC voltage into a seven-level AC voltage. The proposed solar power generation system generates a sinusoidal output current in phase with the utility voltage. The novelty of this proposed seven-level inverter is that two asymmetric DC voltage sources are used to increase the voltage levels and only two of the six power electronic switches in the seven-level inverter are switched at high frequency. A prototype is developed and tested to verify the performance of the proposed solar power generation system. The experimental results show that the proposed solar power generation system has the expected performance.
Introduction
Nowadays, solar power generation systems are used in distribution power systems to alleviate the problem of greenhouse emissions worldwide. The decreased cost of solar cell arrays will accelerate the growth of solar power generation systems. Therefore small-capacity distributed power generation systems that use solar energy will have widespread residential applications in the near future. Since the output of a solar cell array is an intermittent DC power, the power conversion interface plays an important role in a grid-connected solar power generation system [1, 2] . The power conversion interface converts the DC power generated by the solar cell array into AC power and injects it into the utility grid. A power conversion interface can be either single-stage or double-stage. A single-stage power conversion interface contains only a DC-AC inverter [3, 4] . However, the output voltage of a solar cell array must be matched to the DC bus voltage of the DC-AC inverter. The DC-AC inverter performs the functions of maximum power point tracking (MPPT) for the solar cell array and power conversion from DC to AC. A single-stage power conversion interface is suited to large-capacity solar power generation systems. An extra DC-DC power converter is inserted between the solar cell array and the DC-AC inverter to give a double-stage power conversion interface [5] [6] [7] . The DC-DC power converter performs the function of MPPT and adjusts the voltage of the solar cell array to match the DC bus voltage of the DC-AC inverter. The DC-AC inverter converts the DC power into AC power and injects it into the utility grid. A double-stage power conversion interface is suited to small-capacity solar power generation systems.
The efficiency of a power conversion interface is important in reducing the waste of the valuable energy from a solar cell array. The power loss of a DC-AC inverter includes conduction loss and switching loss for the active devices [8] . The switching loss is proportional to the voltage and current change for each switch and switching frequency of the active devices. The power conversion efficiency is improved by using a multi-level inverter, which reduces the change in the voltage for each switching operation [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . As a result, the harmonic content and electromagnetic interference are simultaneously reduced, which reduces the capacity of output filter.
Conventional multi-level inverter topologies include the diode-clamped [9] [10] [11] [12] , the flying-capacitor [13, 14] and the cascade H-bridge [15] [16] [17] [18] types. The diode-clamped and the flying-capacitor multi-level inverter use capacitors to build up several voltage levels. However, the voltage regulation of these capacitors is an issue. Since asymmetric voltage technology is hard to implement in the diode-clamped and the flying-capacitor multi-level inverter, their power circuit will be more complex as increasing levels of output voltage. For a single-phase seven-level inverter, twelve power electronic switches are required in the diode-clamped and the flying-capacitor topologies. The asymmetric voltage technology can be implemented in the cascade H-bridge multi-level inverter to achieve more levels of output voltage [18] inverter is suitable for the applications with increased voltage levels. Two H-bridge inverters with a DC bus voltage with multiple relationships can be connected in cascade to give a single-phase seven-level inverter and eight power electronic switches are used. In recent years, several topologies for seven-level inverters have been developed [19, 20] .
A dual-buck power converter and a full-bridge power converter can be connected in cascade to perform a five-level inverter [21] . The asymmetric voltage technology can be further used in this topology to increase voltage levels. A novel small-capacity grid-connected solar power generation system is proposed in this paper. The proposed solar power generation system is composed of a dual-output DC-DC power converter and a seven-level inverter. The seven-level inverter is configured using a dual-buck power converter and a full-bridge power converter and the input DC voltages are asymmetric. A modified voltage doubler based topology is used to configure the dual-output DC-DC power converter, and it automatically generates two dependent voltages with multiple relationships by using only one controller. The proposed solar power generation system generates a sinusoidal output current in phase with the utility voltage and is injected into the utility. The salient features of the proposed solar power generation system are that two asymmetric DC voltage sources are used in the input of the dual-buck power converter and only two of six power electronic switches in the seven-level inverter are switched at high frequency. A prototype is developed and tested to verify the performance of the proposed grid-connected solar power generation system that uses a seven-level inverter. As seen in Fig. 1 , the output voltage of DC-AC inverter contains the fundamental component and the harmonic components around the carrier frequency. The superposition theory can be used to analyse the circuit system for different frequencies. The equivalent of the solar power generation system can be divided into the fundamental frequency and the harmonic equivalent circuits. The fundamental component of the output voltage for the DC-AC inverter is controllable, which allows control of the fundamental current in the solar power generation system. The harmonic components of the output voltage for the DC-AC inverter result in harmonic components in the output current, which can be regarded as a switching ripple. If the utility is undistorted, the utility voltage can be regarded as a short circuit at the harmonic equivalent circuit. Therefore the switching ripple can be determined by dividing the harmonic components of the output voltage by the impedance of the filter inductor. If a switching ripple is specified, the inductance of the filter inductor can be reduced as the harmonic components of the output voltage are reduced. Fig. 1 shows that the filter inductor can be reduced as levels of the output voltage of DC-AC inverter are increased. However, increasing levels of output voltage of the DC-AC inverter may complicate both the power circuit and the control circuit.
Harmonic content of the DC-AC inverter
3 Circuit configuration Fig. 2 shows the configuration of the proposed small-capacity solar power generation system. The proposed small-capacity solar power generation system consists of a solar cell array, a dual-output DC-DC power converter and a seven-level inverter. The output of the solar cell array is connected to the input of the dual-output DC-DC power converter. Voltage doubler based topology was used to implement a DC-DC power converter with high step-up gain [22, 23] . Accordingly, the voltage doubler based topology is modified and used to configure the dual-output DC-DC power converter, to convert the output voltage of the solar cell array to supply two asymmetric voltages for the seven-level inverter. The modified voltage doubler based topology can automatically generate two dependent voltages with multiple relationships, using only one controller. Hence, the control circuit of dual-output DC-DC power converter is simplified. The seven-level inverter is configured using a dual-buck power converter and a full-bridge power converter. The dual-buck power converter converts the two dependent DC voltages with multiple relationships into a DC voltage with four levels, depending on the switching of the power electronic switches of the dual-buck converter. The full-bridge power converter is switched synchronously with the utility voltage to invert the four-level DC voltage, when the utility voltage is in the negative cycle, and the output voltage of the full-bridge power converter is an AC voltage with seven levels. Therefore only the power electronic switches of dual-buck power converter are switched by using high-frequency pulse-width modulation (PWM). In this way, the proposed solar power generation system generates a sinusoidal output current that is in phase with the utility voltage injected into the utility, to give a unity power factor. As can be seen, only six power electronic switches are used in the seven-level inverter, so the power circuit is simplified.
Dual-output DC-DC power converter
As seen in Fig. 2 , the dual-output DC-DC power converter is configured by using two boost converters and a voltage doubler circuit. Since the power electronic switches of the boost converters are controlled using the interleaved PWM, they are switched with a phase difference of 180 o . When S 7 is in the on state, the current in inductor L 1 is increased. When S 7 is in the off state and S 8 is in the on state, the energy stored in L 1 is released and the current of L 2 is increased. The current path for energy release of L 1 is shown in Fig. 3a . Similarly, the energy stored in L 2 is released and the current of L 1 is increased when S 7 is in the on state and S 8 is in the off state. The current path for energy release of L 2 is shown in Fig. 3b. In Fig. 3 , the symbol ' + ' denotes the polarity of the capacitor voltage.
To simplify the analysis, the voltage drops in the diodes and power electronic switches are ignored. As seen in Fig. 3 , the charge paths of C 3 and C 4 are similar to the conventional boost converter, and the voltages across C 3 and C 4 can be written as
where D is the duty ratios of S 7 and S 8 and V sol is the output voltage of the solar cell array. Since the voltages across C 3 and C 4 are equal, the voltages across C 5 and C 6 are also equal to those across C 3 and C 4 . Then, Fig. 3 , the voltage converters should be larger than 0.5 for applying to the dual-output DC-DC power converter. Besides, the voltage doubler circuit will obviously degrade the power efficiency when the output power is increased. Hence, the proposed dual-output DC-DC power converter, with high voltage gain and two dependent voltages with multiple relationships, is suitable for small-capacity solar power generation system to avoid using a transformer. To verify the MPPT function of the proposed solar power generation system, the DC power supply was replaced by a solar cell array. Fig. 8 shows the experimental results for the MPPT performance. Fig. 8a shows the output power scan for the solar cell array, when the duty ratio of the dual-output DC-DC power converter is regularly increased. Fig. 8b shows the experimental results for the beginning of MPPT for the dual-output DC-DC power converter. As seen in Fig. 8b , the output power of the solar cell array is almost constant when maximum power tracking is achieved, and its value is very close to the maximum power shown in Fig. 8a .
Conclusion
This paper proposes a small-capacity grid-connected solar power generation system which acts as a power conversion interface between the generated power of a solar cell array and the utility. The proposed solar power generation system is composed of a dual-output DC-DC power converter and a seven-level inverter. A modified voltage doubler based topology is used to configure the DC-DC power converter, and it automatically generates two dependent voltages with multiple relationships by using only one controller. The seven-level inverter is configured using a dual-buck power converter and a full-bridge power converter. The seven-level inverter is configured using only six power electronic switches and only the power electronic switches of the dual-buck power converter are switched at high-frequency PWM, so the power circuit is simplified.
The experimental results verify that the proposed small-capacity grid-connected solar power generation system generates a sinusoidal output current that is in phase with the utility voltage and which is injected into the utility to perform unity power factor. The seven-level inverter outputs an AC voltage with seven levels and the dual-output DC-DC power converter outputs two dependent voltage sources with multiple relationships and traces the maximum power of the solar cell array.
